Abstract -This work presents the POSFET based touch sensing devices and their experimental evaluation. POSFET touch sensing devices presented here are primarily developed for the robotic applications. The design of these devices is inspired from human sense of touch. These devices are implemented by spin coating thin (~2.5 µm) piezoelectric polymer (PVDF-TrFE) film, directly on to the gate area of MOS transistor. The polymer film is processed in situ. The POSFET device represents an integral "sensotronic" unit comprising of transducer and the transistor and are thus capable of 'sensing and processing at same site'. The POSFET touch sensing devices are tested in a wide range (0.15-5N) of dynamic normal forces and at different frequencies.
I. INTRODUCTION
Touch sensing, needed for tasks like manipulation and exploration, is an important component of a robotic platform. Movement of robots from the structured environment of manufacturing plants to the daily life has also added new tasks like safe interaction in a human-populated environment. The way robots interact with the environment is an important issue, as real-world objects exhibit rich physical interaction behaviors which depend on how heavy and hard the object is when hold, how its surface feels when touched, how it deforms on contact and how it moves when pushed. Such interaction behaviors can be better understood by touching or physically interacting with them -as humans do.
On the basis of location of the sensors on the robot's body, the sense of touch in robotics is classified as Intrinsic and Extrinsic touch sensing. In Intrinsic touch sensing -analogous of kinesthetic sense in humans -the sensors are located within the mechanical structure of robot's body and hence they do not come in contact with real world objects. On the other hand, in Extrinsic touch sensing -analogous to Cutaneous or tactile sense in humans -the sensors are located on the surface of robot's body and they, therefore, come physically in contact with the objects under observation. This work is related with Extrinsic touch sensing, which deals with measurement of contact parameters like contact force, hardness etc. by touching them.
Over the years, touch sensing technology has improved and many force/pressure sensors, using different materials and transduction methods, viz: Resistive/Piezoresistive, Quantum Tunneling, Capacitive, Optical, Ultrasonic, Magnetic, Piezoelectric etc. have been developed [4] . Most of these sensors are generally big in size and thus unsuitable for body sites like robot's fingertips where large numbers of sensors with high density are needed. Miniaturized touch sensor, using MEMS approach, have also been developed [5, 6] . However, due to fragile nature, such sensors are not even able to cover the range of force experienced by humans (see , Table I ) in a normal manipulative task. Thus usage of such sensors is limited to applications where very small contact forces are to be measured. Mechanically flexible touch sensors, using organic FETs, have also been developed for large area skin type of applications [7, 8] . However, best organics are known to have a mobility of about 1 cm 2 /Vs versus 85 cm 2 /Vs for silicon based MOS devices [9] , which limits their usage to recording of slow varying contact forces only. Moreover, the organic FET based touch sensor are too big to achieve the spatial acuity similar to that of humans fingertips (see , Table  I ) -though they are good enough to match spatial acuity of less sensitive body parts (e.g. belly) of human body.
This work presents novel POSFET touch sensing devices and their experimental evaluation. The POSFET touch sensing devices are fabricated by spin coating thin (~ 2.5 µm) film of piezoelectric polymer, PVDF-TrFE (Polyvinylidene FluorideTrifluoroethylene), directly on to the gate area of MOS transistor. The POSFET device, thus, represents an integral "sensotronic" unit comprising of transducer and the transistor and capable of 'sensing and partially processing at same site'. Besides this, the marriage of sensing material and the electronics would improve signal to noise ratio and hence the force sensitivity. The POSFET touch sensors, presented here, are designed keeping in view the tactile sensing parameters, given in Table I , of human fingertips. This paper is organized as follows: The concept and design of POSFET touch sensing device is presented in section II and th evaluation of POSFET touch sensing device Section III.
II. CONCEPT AND DESIGN OF A POSFET TO DEVICE

A. Concept of POSFET
A piezoelectric film working in the sensing a charge/voltage on application of a mechan This charge/voltage is proportional to the app [10] and they are approximately related as:
Where, Q t is the charge developed on a touch due to applied force, F and d 33 is the piezoe With piezoelectric polymer film on the gat device, as shown in Fig. 1 , such a charge/vo the charge/current in the induced channel Thus, POSFET touch sensing devices direct into voltage, which can be amplified by PO further processed by an electronic circuitr present on the same chip. In this sense, POSFE device can also be compared with the mechan receptors that sense the contact parameters in and convert them into partially processed elec Somewhat similar, but with extended gat been used for the development of ultrasonic touch sensors [12] . The extended gates, epo PVDF (Polyvinylidene Fluoride) films, are works. The extended gate approach brings conditioning electronics closer and hence the is better than that of conventional approach sensor and conditioning electronics are plac But, the extended gates also introduce a capacitance, which in turn, significantly charge/voltage available at gate terminals of and benefits offered by closely located sensor are not fully exploited [13] . POSFET touch on other hand, are free from such problems.
B. Design and Implementation
The POSFET touch sensing device, implem substrate is shown in Fig. 2 . Detailed fabric POSFET touch sensing devices is described however, the key points are presented here. T is fabricated by using the n-MOS technologi non standard 4µm Al gate p-well ISFET/CM [15] . In order to match the spatial acuity of rec skin, POSFET touch sensing devices are desig of 1mm x 1mm. In fact, better spatial acuity ca reducing the size of transistor. [16] . Further ste polymer film include annealing a followed by vacuum deposition of top of the polymer film and thereaft film. Piezoelectric polymers need t a voltage at the rate of 80-100 V/ µm 250 volts in present case. With s challenging to polarize the polym damaging or altering the character device. To overcome this challeng and substrate under the polymer f applying the voltage was across t poling [17] was performed at 85 needed for polarization -200 volts care was taken by applying the v steps of 50 volts each. Following these step output characteristic of POSFET device are similar, both, before and after the polarization
III. EXPERIMENT EVALUATION
A. Experiment Set Up
The experiment set up used for testing sensing devices, is shown in Fig. 3 . The TIRA -TV50018) on the set up can apply dynamic N with frequency in the range 2 Hz -18 generated by the shaker is recorded by piezo (PCB Piezotronics, Model -208C01), that can z-axis. The POSFET touch sensor is placed o shown in Fig. 3 and then the load cell is br with it with help of the z-axis positioning mot device is thus pressed by vibration generator the force sensor. To apply force on a touch probes having diameter of 1 mm were devel that the whole sensor is pressed, the diamete slightly higher than the dimension of POSFE are attached to the load cell. The shaker, piezo and the z-axis positioning motor and the outpu measured and controlled through NI-DAQ dev which can acquire and control the data outputs, 24 digital I/O and 2 analog inputs.
B. Experimental Results
The response of POSFET touch sensing de normal forces, is recorded by connecting follower circuit arrangement with floating g Fig. 3 . Source-follower configuration results i gain, and hence POSFET devices can be teste of forces. Alternately, common source conf used to have better force resolution. ps, the input and e observed to be n step [14] . Table  I , experienced by humans in normal manipulative tasks. At this stage, the applied force is restricted to 5N to avoid risk of damaging the POSFET device. The output of POSFET touch sensing device, when a 10 Hz sinusoidal force is applied on top of the device, in normal direction, is shown in Fig. 5 . The response of POSFET to a 925 Hz sinusoidal force is also shown in Fig. 5 . The little noise in POSFET's output at 925 Hz is due to excessive mechanical vibration. The ratio of POSFET output and the corresponding applied force is same at both frequencies. Thus, POSFET touch sensing device can be used over a frequency range higher than that perceived by humans (see, Table I ). Response of POSFET touch sensing device to a random periodic input force (70 Hz) is shown in Fig. 6 . It can be noticed that POSFET devices are able to trace the applied force very well. The sensor was covered with a 300 µm thin protective PDMS (Polydimethylsiloxane) rubber, in all these experiments.
IV. CONCLUSION
POSFET touch sensing devices, presented in this work, are able to match various features of human sense of touch. They show a linear response over range of forces (0.15-5N) which is much wider than the forces experienced by humans in normal manipulative tasks. In addition to sensing and processing at same site and the improved performance, POSFET devices as an integral "sensotronic" unit offer practical advantages like reduction in number of wires -which is a key issue in robotics. The performance, utility and local processing capability of POSFET touch sensors can be further improved by including complex circuitry and following a SOC/SiP approach.
Though primarily designed for robotic applications, the POSFET touch sensing devices are also be suitable for medical applications because of the fact that impedance of PVDF-TrFE matches well with human tissues. POSFET touch sensing devices can also be used to obtain a conformal electronic surface by embedding them, as mechanically distinct and stiff sub circuit islands, in a soft and compliant polymer like PDMS and interconnect the islands with flexible and stretchable metallization. Alternately, they can also be developed on flexible electronic devices [18] . 
